INTRODUCTION
The HIV-1 gag protein is a polyprotein composed of matrix, capsid, nucleocapsid, p1, p2 and p6 proteins. There are estimated to be about 2000 gag proteins per virus. Gag is processed into individual proteins by the HIV-1 protease after the virus is released from infected cells.
Gag has multiple functions in the life cycle of HIV-1 that are reflective of the functions of its individual protein components (1) . Nucleocapsid is a zinc finger protein that has nucleic acid binding, melting and annealing activities which are required at several points in the viral life cycle (2) (3) (4) . For example, nucleocapsid binding to a structured RNA element called ψ at the 5′ end of the HIV-1 genomic RNA plays a critical role in RNA packaging into nascent virions (5) . Capsid surrounds the nucleocapsid-RNA complex. Capsid multimerizes to form the viral core and binds the cellular protein cyclophilin A (6) . Matrix surrounds the capsid and is found just under the viral membrane. Matrix also multimerizes to form the viral core, is required for incorporation of envelope proteins into assembling viruses (7) , and plays a role in the entry of viral DNA into the nucleus prior to integration (8) . The p6 protein plays a role in budding of viruses from cells (9) and binds to the HIV-1 vpr protein leading to its incorporation into viruses. The p1 and p2 peptides have been proposed to regulate the proteolysis of gag (11) . A gag-pol polyprotein precursor is also encoded by the HIV genome. The pol gene encodes enzymes such as protease, integrase, reverse transcriptase and RNAse H. Multimerization of gag-pol results in the incorporation of these enzymes into virions. Systematic evolution of ligands by exponential enrichment (SELEX) is an in vitro selection and evolution method that has been used to isolate nucleic acid polymers that bind to various molecules (12, 13) . The SELEX process and similar methods have been used previously to isolate RNA ligands that bind to the HIV-1 rev (14) (15) (16) (17) , tat (18) , reverse transcriptase (19, 20) and integrase (21) proteins. Another screening method has been used to isolate nucleic acids that bind to the HIV-1 envelope protein (22) . Here we report the use of the SELEX method to isolate RNA molecules that bind to the HIV-1 gag polyprotein. Such molecules could be used to inhibit gag functions or study gag/RNA interactions.
MATERIALS AND METHODS

Reagents
The HIV-1 p55 (gag), p7 (nucleocapsid) and p15 (p7 nucleocapsidp6) proteins from HIV-1 strain LAI were expressed in Escherichia coli as fusions to glutathione S-transferase (GST) and purified as described (5) . They are referred to here as GST-gag, GST-p7 and GST-p15, respectively. The GST protein was also purified using the same procedures. The HIV-1 SF-2 p24 capsid protein was obtained from the NIH AIDS Research and Reference Reagent Program and differs from HIV-1 LAI p24 at one amino acid position (23) . The HIV-1 BH-10 p17 matrix protein was obtained from the MRC AIDS Reagent Project and is identical in sequence to HIV-1 LAI p17 (23 England Biolabs (Beverly, MA). T7 RNA polymerase was purchased from Enzyco, Inc. (Denver, CO). RNase T 1 and bacterial alkaline phosphatase were purchased from Boehringer Mannheim (Indianapolis, IN). All radioisotopes were purchased from DuPont NEN Research Products (Boston, MA). The pUC9 plasmid was obtained from Gibco BRL (Gaithersburg, MD).
In vitro selection of RNA ligands
RNA ligands that bind to the HIV-1 gag protein were isolated by the SELEX method essentially as described (24) (25) (26) , using the GST-gag protein as a target, but with the following modifications. SELEX experiment A used a 2′-hydroxyl RNA library with 50 randomized positions (50N) that has the following sequence: 5′-GGGAGACAAGAAUAAACGCUCAA-50N-UUCGACAG-GAGGCUCACAACAGGC-3′. The 5′ and 3′ 'fixed' sequences were required for the reverse transcription and PCR steps of SELEX. The RNA library was bound to GST-gag in a buffer that consisted of 50 mM Tris, pH 7.5, 200 mM KOAc, 5 mM MgCl 2 and 1 mM dithiothreitol. Binding of the RNA pool to GST-gag was done at 37_C for 5 min. Nitrocellulose filtration (HAWP, Millipore, Inc., Bedford, MA) was used to separate free from protein-bound RNA. After filtration, the protein-bound RNA was recovered and reverse transcribed with avian myeloblastosis virus reverse transcriptase (Life Sciences, Inc., St Petersburg, FL) and a 3′ primer (5′-GCCTGTTGTGAGCCTCCTGTCGAA-3′). Taq polymerase was used to amplify the cDNA by PCR using a 5′ primer (5′-TAATACGACTCACTATAGGGAGACAAGAATA-AACGCTCAA-3′, which contains the sequence of the T7 RNA polymerase promoter and of the 5′ fixed region) and the 3′ primer described above. The PCR product was then transcribed with T7 RNA polymerase to generate an enriched RNA library for use in the next round of SELEX. The concentration of GST-gag was reduced from 180 nM to 10 pM during the course of SELEX A and the molar ratio of the RNA library to GST-gag ranged from 3 to 160.
SELEX experiment B was similar to SELEX A except that an RNA library that has the following sequence was used: 5′-GGGA-AAAGCGAATCATACACAAGA-50N-GCTCCGCCAGAGAC-CAACCGAGAA-3′. This RNA library was bound to GST-gag at 37_C for 15 min in a buffer that consisted of 50 mM Tris, pH 7.4, 140 mM KCl, 5 mM NaCl, 5 mM MgCl 2 and 1 mM dithiothreitol. Murine leukemia virus reverse transcriptase (Superscript; Gibco, Inc., Gaithersburg, MD) and a 3′ primer (5′-TTCTCGGTTGGTCT-CTGGCGGAGC-3′) was used for the reverse transcription step. Taq polymerase, a 5′ primer (5′-TAATACGACTCACTATAGGGAA-AAGCGAATCATACACAAGA-3′ which contains the sequence of the T7 RNA polymerase promoter and of the 5′ fixed region) and the 3′ primer were used for the PCR steps. During SELEX B the concentration of GST-gag was reduced from 500 nM to 40 pM and the molar ratio of RNA library to GST-gag ranged from 5 to 100. In addition, a 10-200-fold molar excess of heparin (molecular weight 5000; Calbiochem, Inc., La Jolla, CA) over RNA was used in each round of SELEX B, except for the first round.
Subcloning of ligands
At the conclusion of the SELEX procedures, the RNA pools from SELEX A were amplified by PCR using the following primers: 5′-CCGAAGCTTAATACGACTCACTATAGGGAGACAAG-AATAAACGCTCAA-3′ and 5′-GCCGGATCCGCCTGTTGTG-AGCCTCCTGTCGAA-3′ and the RNA pools from SELEX B were amplified by PCR using the following primers: 5′-CG-CGGATCCTAATACGACTCACTATAGGGAAAAGCGAATC-ATACACAAGA-3′ and 5′-GGCGAATTCTTCTCGGTTGGTC-TCTGGCGGAGC-3′. The PCR products were cut with HindIII and BamHI (SELEX A; underlined) or EcoRI and BamHI (SELEX B; underlined), and then subcloned into pUC9. All ligations were transformed into E.coli strain DH5α.
Sequence analysis of cloned ligands
Plasmids were prepared from tranformants (27) and ligand sequences were determined using the Sequenase, version 2.0, enzyme (US Biochemicals, Inc., Cleveland, OH) according to the manufacturer's instructions. A DNA primer, corresponding to the sequence of the T7 RNA polymerase promoter (5′-TAATACGA-CTCACTATA-3′), was used as the sequencing primer. Sequences were analyzed and aligned using the GCG Sequence Analysis Software Package, version 7.2 (Genetics Computer Group, Madison, WI).
Binding affinity of RNA ligands for HIV-1 proteins
The binding affinity of RNA ligands for various proteins was measured by a nitrocellulose filtration method essentially as described (24, 26, 28) . Radiolabeled RNA (∼2 fmol, ∼10 000 c.p.m.) was bound to protein that typically ranged in concentration from 10 -10 to 10 -6 M. Protein and RNA were incubated at 37_C for 10 min in a 25 µl reaction composed of SELEX B buffer. Since the amount of RNA added to each reaction varies, the actual concentration of RNA in the binding reactions varied from ∼50 to 200 pM, i.e., at least 5-fold below any apparent K d . Therefore, for RNAs with apparent K d s near 1 nM, the K d may be an underestimation as a result of the RNA competing with itself to some extent for binding. After binding RNA to protein the reactions were vacuum-filtered through nitrocellulose filters. A reaction with no protein was also incubated and filtered in order to determine the amount of RNA that binds to the filter in the absence of protein. The amount of labeled RNA retained on the filter in a protein-dependent manner was determined. The percentage of RNA bound to the protein was plotted against the concentration of the protein using Kaleidograph computer software (Synergy, Inc., Reading, PA). The apparent K d is defined as the protein concentration at which 50% of maximal RNA binding occurs. Binding of RNA to GST-gag, GST-p15 or GST-p7 proteins was done in the presence of a 10 000-fold molar excess of yeast tRNA over the RNA ligand concentration.
The ψ-456 RNA was made by transcription of XhoI-digested pBsP (29) . ψ-456 is a 456 base RNA that consists of 441 bases from the HIV-1 HXB2R RNA (containing nucleotide positions 712-1152 of HIV-1 HXB2R RNA; 30) plus 15 bases of vectorderived sequence at the 5′ end. The concentration of radiolabeled ψ-456 was 75 pM (Fig. 1 ) or 159 pM (Fig. 2) .
Competition binding reactions
Two radiolabeled RNA ligands (SW8.4 or SW8.27) were transcribed with T7 RNA polymerase as described above. A constant concentration of radiolabeled ligand (0.3 nM SW8.27 or 0.4 nM SW8.4) was mixed with various amounts of unlabeled competitor RNAs (SW8.4, SW8.27, ψ-456, or the round 0 RNA library used for SELEX A) ranging in concentration from 10 -12 to 10 -6 M. The mixed RNAs were then added to 1 nM GST-gag protein, a concentration approximately equal to the apparent K d of the protein for the radiolabeled RNA ligand. The reaction was incubated in binding buffer and then filtered as described above.
Ligand boundary determinations
The boundaries of RNA ligands were determined essentially as described by Jellinek et al. (28) . Ligands were labeled at the 5′ end by dephosphorylating the RNA with bacterial alkaline phosphatase and then labeling the RNA by using [γ-32 P]ATP and T4 polynucleotide kinase. Ligands were labeled at the 3′ end using cytidine 3′,5′[ 32 P]bis(phosphate) and T4 RNA ligase. The labeled RNAs were partially hydrolyzed in separate tubes for 5 min in 50 mM NaCO 3 , pH 9.0 at 95_C. The hydrolyzed RNA was bound to the appropriate HIV-1 protein at a concentration that was equal to or within a factor of 5 of the apparent K d . The binding reactions were incubated and filtered as described above. Bound RNA was eluted from the filter in 66% phenol, 2 M urea. The eluted RNAs were precipitated and analyzed on an 8% polyacrylamide, 8 M urea gel electrophoresed in 1× TBE buffer (27) . To align the boundary with the ligand sequence, the partially alkali-hydrolyzed ligand and a RNAse T 1 partial digest of the ligand were electrophoresed on the same gel. The HIV-1 p17 matrix protein was used to determine the boundaries of matrix ligands and the GST-p15 protein was used to determine the boundaries of nucleocapsid ligands. In some binding reactions, especially with high affinity ligands, a 10 000-fold molar excess of heparin or yeast tRNA over the ligand was added to suppress nonspecific binding to short RNA fragments.
Truncated and mutated RNA ligands
Truncated RNA ligands were generated by two methods. In one method, an oligonucleotide consisting of the antisense sequence of the T7 RNA polymerase promoter plus the antisense sequence of the desired truncated ligand was synthesized. This was hybridized to an oligonucleotide with the sequence corresponding to the sense strand of the T7 promoter. Such partial duplexes can be used as a template for transcription by T7 RNA polymerase (30, 31) . In another method, two oligonucleotides were synthesized. The sequence of one oligonucleotide contained the sense sequence of the T7 RNA polymerase promoter and part of the 5′ end of the truncated ligand. The sequence of the second oligonucleotide encoded the antisense sequence of the 3′ end of the truncated ligand. The oligonucleotides were designed so that they overlapped. These oligonucleotides were subjected to three rounds of PCR in order to generate a double-stranded T7 RNA polymerase transcription template. Mutated ligands were generated in a similar manner by incorporating the desired base changes into the oligonucleotides used to generate the transcription templates.
RESULTS
In vitro selection of RNA ligands
Two independent experiments (SELEX A and B) were done to select RNAs that bind to the HIV-1 gag protein in vitro with high affinity. The number of RNAs present in the initial (round 0) library of RNA molecules was estimated to be 8 × 10 14 for SELEX A and 7 × 10 14 for SELEX B. The two selection experiments used different binding buffers, reverse transcriptases and RNA libraries. In addition, heparin was used in SELEX B as a competitor for nonspecific or low affinity interactions.
A GST-gag fusion protein was used for selection of gag-binding RNAs. There was minimal concern about isolating GST-binding RNAs since the affinity of the round 0 RNA for GST was low (>10 µM), while the affinity of round 0 RNA for GST-gag was ∼0.1-1 µM. Analysis of the affinity of RNA pools for GST-gag after successive rounds of in vitro selection revealed a steady improvement in affinity (Fig. 1) . By round 10 (SELEX A) or round 8 (SELEX B) the affinity of the RNA pools for GST-gag was beginning to plateau at ∼1 nM (Fig. 1) . However, the proportion of nitrocellulose filter-binding RNAs in the population had also steadily increased to ∼10-30% of the total in later rounds. The bulk sequence of the pool of RNA molecules shifted from random to nonrandom at round 5 of both SELEX experiments, indicating the complexity of the pool of RNAs had been reduced (data not shown). Based on the affinity of the RNA populations for GST-gag, the nonrandomness of their sequence, and the estimated proportion of filter-binding RNAs, the selected RNAs Table 1 . Properties of RNA ligands that bind HIV-1 gag a SW, RNA ligands isolated from SELEX 'A'; ML, RNA ligands isolated from SELEX 'B'. The first number before the period refers to the round of the SELEX procedure from which the ligand was isolated. The number after the period is a clone designation number. b The sequence of the selected region of each ligand is shown. The entire ligand also includes the 5′ and 3′ fixed regions as designated in Materials and Methods. Note that ligand SW10.22 has four bases different from SW8.4, ligand ML8.7 differs from ML8.14 by four bases, ligand SW8.6 differs from SW8.27 by two bases, and ligand SW8.24 differs from SW10.39 by one base. c The 5′ fixed sequence of SW8.30 is missing the A at position 9. d GST-gag, ligand binds to the GST-p55 (HIV-1 gag) protein used in the SELEX procedure, but that binding to individual components of the HIV-1 gag polyprotein has not been determined. Nucleocapsid, binds to the GST-p7 (HIV-1 nucleocapsid) protein; matrix, binds to the HIV-1 p17 matrix protein; GST, binds to the glutathione S-transferase protein; ?, ligand binds to the GST-p55 (HIV-1 gag) protein, but does not bind to GST, GST-p7 (HIV-1 nucleocapsid), GST-p15 (HIV-1 nucleocapsid p7-p6), p17 HIV-1 matrix or p24 HIV-1 capsid proteins. e N, number of clones of each ligand isolated. f K d , apparent affinity of ligand for GST-gag as determined by the method described in Materials and Methods.
from rounds 8 and 10 of SELEX A and rounds 6 and 8 of SELEX B were subcloned so that the sequences and protein binding properties of individual RNAs could be determined.
Sequence of RNA ligands
The sequences of 27 different RNA ligands (representing 49 subclones) that bind to GST-gag are shown in Table 1 . Several features of the sequences are notable. First, the sequences from SELEX A are not similar to those from SELEX B. SW8.4 and ML8.20 are the most closely related, with 60% identity within the randomized region. Second, a comparison of the entire randomized region of each ligand to the sequence of HIV-1 LAI genomic RNA revealed that none of the sequences was >50% identical to HIV RNA or the ψ region. Third, one sequence from each SELEX procedure was more frequent than any of the others (Table 1) . Ligand SW8.4 and a similar ligand (SW10.22) represented 48% (13/27) of the RNAs isolated from SELEX A. Ligand ML8.7 and a similar ligand (ML8.14) represented 41% (9/22) of the RNAs isolated from SELEX B. Most of the remaining sequences were unique isolates. Minor variants of some RNAs were also isolated (Table 1, legend). These are presumed to have arisen from errors during the PCR step of SELEX.
Affinity of RNA ligands
RNA ligands were tested for binding to GST-gag (at 1 or 10 nM) or to nitrocellulose filters. Only those ligands that bound to GST-gag and not to filters are listed in Table 1 . Some of these ligands were bound to GST-gag over a wider range of concentrations to obtain an apparent binding affinity (K d ). An example of such a binding study is shown in Figure 2 for the two most frequently isolated ligands, SW8.4 and SW8.27. The affinity of 19 ligands for GST-gag is summarized in Table 1 . Most of the ligands bound to GST-gag with a K d of ∼1-10 nM.
As a positive control for binding to gag, a 456 base RNA (ψ-456) was used (see Materials and Methods). ψ-456 encompasses a region in the HIV-1 RNA that contains the HIV-1 RNA packaging signal (ψ), which is bound specifically by the HIV-1 gag and nucleocapsid proteins. ψ-456 typically bound to GST-gag with a K d of ∼1 nM (for example see Figs 1 and 2) . Therefore, the in vitro selected RNA ligands described here are able to bind to gag with an affinity that is approximately the same as the native HIV-1 ψ element.
Binding of RNA ligands to different sites on gag
Twenty three GST-gag ligands were screened for binding to GST, HIV-1 capsid, HIV-1 nucleocapsid (p7 and p15) and HIV-1 matrix proteins. The binding specificity of the ligands fell mainly into two classes: those that bound to matrix and those that bound to nucleocapsid (Table 1) . Binding was mutually exclusive. Matrix ligands did not bind with high affinity to nucleocapsid (Fig. 3) and nucleocapsid ligands did not bind with high affinity to matrix (Fig. 4) . Nucleocapsid ligands were isolated more frequently from SELEX A and matrix ligands were isolated more frequently from SELEX B (see Table 1 ). The bias towards matrix ligands in SELEX B may have occurred because the heparin that was used in SELEX B may have effectively competed with RNA for binding to nucleocapsid and forced some ligands to bind to matrix.
The nucleocapsid ligands were able to bind to gag with the same affinity either in the presence or in the absence of a 10 000-fold molar excess of yeast tRNA. In contrast, the apparent affinity of round 0 RNA was reduced by a factor of at least 100-fold in the presence of a 10 000-fold molar excess of yeast tRNA (data not shown). Therefore, the nucleocapsid ligands not only bind to gag with high affinity, but also with specificity.
Two ligands were identified that bound to GST-gag, but not to nucleocapsid or matrix. ML8.11 bound to GST. ML6.17 bound to GST-gag with high affinity (K d = 4 nM), but did not bind to the p17 matrix, p24 capsid, GST-p7 (nucleocapsid), GST-p15 (p7 nucleocapsid-p6) or GST proteins. It is possible that ML6.17 binds to more than one protein component within GST-gag.
Competition between RNA ligands for binding to gag
Ligands were isolated that bind to two separate domains of the HIV-1 gag protein (matrix and nucleocapsid). Competition binding reactions were done between matrix ligands, nucleocapsid ligands and ψ-456 to determine whether ligands that bound to the same or separate sites would compete for binding to gag.
Ligands that bound to the same region on gag interfered with each other for binding to gag. That is, a matrix ligand interfered with the binding of itself (Fig. 5) or of another matrix ligand (data not shown) to the gag protein. A nucleocapsid ligand interfered with the binding of itself (Fig. 6 ) or of another nucleocapsid ligand (data not shown) to the gag protein. In addition, a nucleocapsid ligand interfered with the binding of ψ-456 to gag (Fig. 6) . Therefore there may be only one binding site for RNA on matrix or nucleocapsid, but there are at least two RNA binding sites on the gag polyprotein.
In contrast, a matrix ligand did not interfere with the binding of either a nucleocapsid ligand or ψ-456 to gag (Fig. 5) . Also a nucleocapsid ligand did not interfere with the binding of a matrix Table 1 . b Underlined regions designate the minimal nucleic acid ligand sequence that is predicted to bind to the HIV-1 gag protein, based on the position of the 5′ and 3′ boundaries, which are at the left and right ends of the minimal protein-binding sequence, respectively. Lower case lettering indicates a self-complementary sequence found in nucleocapsid ligands.
ligand to gag (Fig. 6) . In both cases matrix and nucleocapsid ligands did not interfere with each other for binding to gag significantly better than did unselected, round 0 RNA.
Minimum sequences required for ligands to bind gag
In order to identify smaller ligands that might be suitable for structural studies and to attempt to elucidate sequence motifs in common among the ligands, the minimum sequences that are required for ligands to bind to the HIV-1 gag protein with high affinity were determined. This information was obtained through boundary determination and ligand truncation studies. Boundary experiments were performed on nine nucleocapsid ligands and three matrix ligands. The results of these experiments are summarized in Table 2 . The length of the predicted minimal ligands ranges from 14 to 59 bases. Seven of the ligands required part of the fixed region sequence to bind to gag, while five required only the initially randomized region to bind to gag.
Minimal nucleocapsid ligand sequences
Mimimal RNA sequences that bind nucleocapsid are predicted to form stable stem-loop structures. The stems often contain purine-rich bulges. However, the lengths of the stems and loops are variable, the positions of the purine-rich bulges are variable, and no consensus sequence was found among the sequences of the minimal nucleocapsid ligands. Therefore, the structure of nucleocapsid ligands may be more important than their sequence.
Nevertheless, a striking feature of the minimal nucleocapsidbinding ligand sequences is that the boundaries of all nine ligands examined end at a self-complementary sequence that ranges in size from 8 to 16 bases (Table 2) . In all cases, except one (SW10.28), the self-complementary sequence is located at the 3′ boundary. (The self-complementary sequence in ligand SW10.28 is located at the 5′ boundary.) The lengths of these self-complementary sequences are similar to the binding site size determined for nucleocapsid, which can vary from ∼7 to 15 bases, depending on buffer conditions and the protein/nucleotide ratio (21, 52) . The predicted structure of the minimal ML 8.20 ligand (ML8.20 NC t14-75) is shown in Figure 7B and is representative of the predicted structures of other minimal nucleocapsid-binding ligands. Five truncated nucleocapsid ligands (ML6.1 NC t13-63, ML6.6-NC t15-74, ML8.20 NC t14-75, ML8.22 NC t23-79, SW8.4 NC t30-53) were generated based on the boundary data shown in Table 2 in order to validate the results of the individual 5′ and 3′ boundary experiments and the predicted minimal ligand structures. The results of binding these truncated ligands to nucleocapsid are shown in Table 3 . All five truncated nucleocapsid ligands bound to nucleocapsid. The smallest truncate tested that bound to nucleocapsid was SW8.4 NC t30-53, which is 29 bases long.
The binding behavior of truncated and mutated ligands highlights the importance of the self-complementary sequence for binding nucleocapsid (Table 3) . Truncated ligand ML8.20 NC t21-66 lacks the self-complementary sequence, but maintains base pairing in the predicted stem and, in fact, adds three additional GC base pairs to the end of the stem. However ML8.20 NC t21-66 does not bind nucleocapsid. Mutant ligand SW8.4 NC G47C (Table 3) is a full length version of SW8.4 that has a single point mutation at position 47, which changes a guanine to a cytosine within the Table 3 . Binding properties of truncated and mutant HIV-1 gag ligands a Ligands are named as in Table 1 . The lower case 't' indicates the RNA is a truncated ligand. Numbers following the 't' indicate the nucleotide positions from the full length ligand that are included in the truncated ligand. Mutant ligands are described in the text. b Lower case letters designate nucleotides added to facilitate transcription of the truncated ligand. Self-complementary sequences are underlined. c +, ligand binds to the appropriate HIV-1 protein at least 10-fold better than round 0 RNA; -, ligand does not bind to the appropriate HIV-1 protein any better than round 0 RNA. self-complementary sequence. This mutation also eliminated binding to nucleocapsid. The fact that matrix ligands and ligands that bind to other proteins (13) do not contain self-complementary sequences at the ends of their boundaries adds more support for the importance of these sequences in the nucleocapsid ligands.
However not all self-complementary sequences may allow ligands to bind to nucleocapsid. Mutant ligand SW8.4 NC -GGCGCGCC contains the self-complementary sequence GGCGCGCC in place of the self-complementary sequence GGUGCAUC, and is not able to bind nucleocapsid (Table 3) .
In spite of the apparent importance of self-complementary sequences, these sequences alone may not ensure binding to nucleocapsid. Ligands ML6.6 NC t54-78, ML6.9 NC t44-68 and SW8.4 NC t35-68 (Table 3) contain the self-complementary sequences found at the 3′ ligand boundary, but lack the 5′ side of the predicted stem. None of these truncated ligands binds to nucleocapsid. In summary, a specific self-complementary sequence in the context of a stem-loop structure may be required for efficient binding of the RNAs described here to nucleocapsid. Different structures and sequences within ψ may be required for distinct dimer formation, gag binding and RNA packaging steps. Guanine quartets (33) and kissing loops (34) (35) (36) (37) (38) (39) have been proposed to be important for some of these steps. We considered whether the nucleocapsid-binding RNAs described here could form such structures.
The nucleocapsid ligands do not appear to form guanine quartets for two reasons. First, there were no consistent sequence patterns found in all of the nucleocapsid ligands that would suggest guanine quartets could form. Second, the binding of nucleocapsid ligand SW8.4 to GST-gag was not sensitive to potassium as would be expected if guanine quartets were involved. SW8.4 bound to gag as well in 140 mM LiCl or 140 mM NaCl as in the 140 mM KCl used in the SELEX procedure.
Kissing loops are also not likely to be involved in the binding of SELEX-derived nucleocapsid ligands to gag. While there are sequences within some nucleocapsid ligands that can form kissing loop-like structures (e.g., positions 29-65 of SW8.4), these sequences are not within the minimal nucleocapsid-binding ligand. Also, truncated ligands that lack putative kissing loops can bind to nucleocapsid.
Minimal matrix ligand sequences
A common primary sequence and structural motif could be discerned within the boundaries of the three HIV-1 matrix ligands for which boundaries were determined and in matrix ligand SW8.27, which was not amenable to boundary determination. The sequence of each minimal matrix-binding ligand is predicted to form a stable stem-loop structure. The stem has several nucleotides that are conserved among the matrix ligands and consists of two substems that are separated by a gap or a bulge. A CAARU sequence is found in the sequence of the loop. The predicted structure of ligand ML6.8 MA t33-82, which is similar to the predicted structure of the other matrix ligands, is shown in Figure 7A . Note that the predicted structures of matrix ligands isolated from SELEX A are circularly permuted relative to those from SELEX B.
Besides sequence similarities, three other experimental results support the structural model shown in Figure 7A . First, the truncated matrix ligand ML6.8 MA t33-82 (Fig. 7A) , which corresponds to the predicted minimal boundaries of ligand ML6.8 (Table 2) , binds to the HIV-1 matrix protein with an apparent K d ∼2-fold lower than the full length ML6.8 ligand. Second, deletion of a GC dinucleotide overlapping the CAARU loop motif (GCAAGU) in ligand ML6.8 reduced binding to matrix ∼100-fold, to the same as that of round 0 RNA (Table 3) . Third, sequence variants are predicted to maintain base pairing in the stem. Ligand ML8.7 differs from ML8.14 at four positions, but each binds with the same affinity to matrix (Table 1) . These four differences are predicted to maintain base pairing in stem 1 and as such support the structural model shown in Figure 7A .
DISCUSSION
This report describes RNA ligands that were selected in vitro to bind to the HIV-1 gag polyprotein with high affinity. The ligands bind to two different proteins within gag, matrix and nucleocapsid. This result has several implications. First, it demonstrates that ligands which bind to a protein can recognize smaller domains within that protein. This implies that ligands which bind to smaller domains of a protein may also bind to the entire protein.
Second, it demonstrates that there can be more than one nucleic acid binding site on a protein and that one can isolate ligands that bind to those sites within one SELEX experiment. Third, if a protein has more than one RNA binding site, it may be possible to manipulate the frequency at which ligands that bind to the two sites can be isolated.
Matrix and nucleocapsid ligands may be able to bind to gag simultaneously. While the competition binding experiments reported here do not provide rigorous evidence that this can occur they demonstrate that the two classes of RNA ligands do not inhibit each other from binding to gag. The ability of matrix and nucleocapsid ligands to bind simultaneously to gag might be expected since matrix and nucleocapsid are at opposite ends of an elongated protein reported to be ∼85 Å long and 35 Å wide (40) .
The matrix and nucleocapsid ligands have different sequence and structural motifs. Each of the nucleocapsid ligands contain a self-complementary sequence at one end and are predicted to form stable stem-loop structures. However they do not have substantial primary sequence homology to one another or to matrix ligands. The actual structures formed by the nucleocapsid ligands are not known. They could exist as duplexes hybridized through the self-complementary sequences, solitary stem-loops, duplexes hybridized along the length of the stem-loop, or variations of these structures. In the presence of nucleocapsid protein, some structures may be more stable than others.
The individual roles of the stem-loop and the self-complementary sequences found in the nucleocapsid ligands is not clear, but it seems likely that both are important for binding to nucleocapsid. The presence of the self-complementary sequences in all nine minimal nucleocapsid-binding ligands examined and the identification of a single base change within the sequence of one ligand that eliminates high-affinity binding argues strongly that they are significant for binding. The predicted structure of SELEX-derived nucleocapsid ligands may represent structures that occur in the ψ region that result in nucleocapsid binding or dimerization of ψ-containing RNAs, or they may represent structures that occur during reverse transcription since nucleocapsid is also required for efficient reverse transcription.
In order for HIV RNA to dimerize, an intermolecular interaction is thought to occur between identical stem-loops within the ψ region. The loop contains a six base self-complementary sequence (GCGCGC). These sequences, referred to as 'kissing' loops, can spontaneously and stably hybridize in the absence of nucleocapsid. Once kissing loops have formed, it has been proposed that nucleocapsid melts the stems which formed the loops and reanneals them to form a duplex. This duplex would contain several purine rich bubbles. For SELEX-derived ligands an initial interaction may occur between the self-complementary sequences of two ligand molecules. Then nucleocapsid may accelerate the destabilization of that structure and the formation of the more stable, fully duplex structure. Duplexes formed from nucleocapsid ligands would also contain purine rich bubbles.
The matrix ligands have a primary sequence motif in common among them that is predicted to form a stem-loop structure with a CAARU loop. Matrix ligands do not contain the self-complementary sequences found in nucleocapsid ligands. The ligands reported here could be used to characterize the molecular interactions between matrix and RNA, since at this time the nature of those interactions is not known. In the structures of the HIV-1 (41) (42) (43) and SIV matrix (44) proteins there is a patch of basic amino acids near the amino terminus that is located on one face of the protein. This region serves as the nuclear localization signal of matrix (8) . Three other RNA-binding HIV-1 proteins (tat, rev, nucleocapsid) are known to utilize basic amino acids to bind RNA. It is possible that matrix also utilizes this theme. Matrix has been reported to bind double-stranded RNA (45) . The physiological relevance of this activity is not known, but matrix is not required for HIV-1 RNA packaging (46) . Since the matrix ligands reported here lack any extensive sequence homology to the HIV-1 RNA sequence we have not gained any new insights about the significance of RNA binding by matrix.
Several reports have been published describing methods for directly inhibiting gag protein function. These include the use of sense RNA (47, 48) , benzamides (49) , peptides (50) , antibodies (51) and dominant negative proteins (52) . The RNAs described here may provide an alternative strategy for directly inhibiting gag protein function. RNAs isolated by the SELEX method could be introduced into or expressed within cells. Gag is an attractive target for inhibition by RNA ligands for several reasons. For example, gag is an RNA binding protein. Therefore, the in vitro selection process can result in RNAs that can inhibit critical RNA binding functions of gag. Also since gag and gag-pol are multifunctional, the binding of RNA ligands to them may have a variety of inhibitory effects. Nucleocapsid ligands might prevent RNA packaging. The matrix ligands may provide a novel inhibition strategy. Also, since matrix and nucleocapsid ligands do not interfere with each other for binding to gag it may be possible to use them simultaneously to achieve a synergistic inhibitory effect.
NOTE ADDED IN PROOF
After submission of this manuscript Berglund et al. published a paper describing in vitro selection of RNAs that bind to the HIV-1 NL4-3 nucleocapsid protein (Nucleic Acids Res. 25, 1042-1049). A nucleocapsid-binding sequence they identified can be found in several of our nucleocapsid ligands.
